ABSTRACT
INTRODUCTION
The need of a multi-spectral lidar has widely been experienced in last few years with a view to invert the optical and microphysical properties of aerosols and their impact on the climate change. Henceforth and as a part of the EARLINET-GALION objectives [1] , a joint effort has already been made by the European Aerosol Research Lidar Network (EARLINET), which includes more than 25 research teams, however, still lacking the standardization and optimization of lidar network instruments [1] [2] [3] . While the quantitative retrieval of the optical components of extinction (α), backscatter (β) and lidar ratio (LR) at the emission wavelength requires the combination of an elastic-type channel and a Raman channel, the retrieval of microphysical parameters of aerosols requires a minimum of 3+2 channels [4] [5] [6] . Thus, the envisaged lidar instrument must include 3+2 multispectral elastic/Raman channels. Currently, only 8 of the 25 EARLINET stations offer these specifications. The adaptation and operation of the U.P.C. Barcelona 3+3 multispectral elastic/Raman station [7] [8] [9] [10], which includes a third Raman channel for the measurement of atmospheric water vapour, has contributed to this goal. This paper describes the design and implementation of the 6-channel dichroic based polychromator. The paper is organized as follows: Sec.2 provides an overview of the polychromator optical and mechanical design, Sec.3 focuses on the key design considerations and trade-offs, and finally, Sec.4 gives conclusion remarks.
POLYCHROMATOR DESIGN OVERVIEW
The polychromator is the spectrally selective unit which separates the backscattered composite light return into the various wavelengths of interest. The U.P.C. polychromator is dichroic based, features 1-inch optics and has been designed for 3 elastic (355, 532, 1064nm) and 3 Raman (386.7, 607.4 and 407.5nm (water-vapour) channels. The receiving optics front-end is formed by five photomultiplier tubes (PMT) and one avalanche photodiode (APD) based receivers. Three PMTs are used for the three Raman channels (386.7 and 607.4nm atmospheric N 2 -Raman shifts, and 407.5nm water-vapour Raman shift). The other two PMTs are for the 354.7 and 532.1nm elastic channels. All PMT and APD (1064nm)-based channels are simultaneously recorded in analog and photon-counting modes by means of an array of 6 mixed analog/photon counting Licel ® transient recorders (Table. 1). A fiber bundle is provisionally used to convey the composite lidar return from the telescope focal plane to the input of the polychromator.
Optical design layout
The polychromator optical layout (Table. 2) has been simulated using ZEMAX ® ray tracing software [11] (Fig.1) . The main polychromator optical components are the dichroic filters (D1-D4), the lenses (L2-L4(1,2)), the beam splitter (BS1), the mirrors (M11, M12) as well as the interference filters (I1-I6) [7] and the corresponding detector eye-piece lenses (E1-E2). D1 is a long-wave pass filter that separates the UV wavelengths from the rest of the composite lidar return spectrum. D2, D3 and D4 respectively separate the 1064-nm wavelength from the composite 1064/607.4/532.1-nm wavelength at the D2 input, the 607.4-nm wavelength from the composite 607.4/532.1-nm wavelengths at the D3 input, and finally, the 354.7-nm from the UV composite 354.7/ 386.7/407.5-nm wavelengths at the D4 input. At the end of the two main optical paths (D1-M11 for the VIS-NIR sub band and D4-M12 for the UV sub band), the mirror M1(1,2) is used to reflect the signal onto the last detector of each branch (532.1 and 407.5nm detectors, respectively). Given the impossibility to find a dichroic filter selective enough to separate the two closest UV wavelengths of 407.5 and 386.7nm, a UV beamsplitter (BS1) is used, instead. The functionality of the lenses is as follows: L2 tends to collimate the incoming light beam from the fiber bundle (an extended light source), L4(1,2) corrects for the divergence of the VIS/NIR beam (D1-M11 optical path) and UV beam (D4-M12 optical path), and lenses L3 focus the already separated light beams onto each respective photodetector. The distance between L3 and the active area of each respective photodetector can be slightly adjusted for each channel. In the mechanical construction of each receiver, the focusing lenses L3 and their respective interference filters are assembled into aluminium cylinders screwed to the opto-electronic receiver bodies. Different antireflection coatings have been used in all polychromator's lenses depending on the spectrum band they are used for. That way, the transmissivity of the lenses can be assumed nearly ideal (better than 93%). Motorised neutral density filters and motorised shutter diaphragms are included in front of interference filters I1-I6. In order to assist the optical layout design three pairs of rays have been simulated in ZEMAX ® CAD ray-tracing software, one pair coming out from the center and the other two pairs coming out from the diametral ends of the fiber bundle at the entrance of the polychromator (i.e. FB in Fig.1 ). This corresponds to a distance of -1.5, 0 and +1.5 mm (3mm fiber size) from the optical axis. The angles of incidence of these rays were calculated from the numerical aperture of the fiber bundle. To reduce position sensitivity problems, the distance between the lenses L3 and their respective photodetectors was chosen so that the simulated spot sizes onto the detector active areas are approximately one half of their effective active areas. Uneven spatial responsivity effects over the detector active area are arranged out by means of the eye-piece pairs (E1 or E2) in all the channels. The optical set formed by the neutral density filter and the diaphragm has been placed between the focusing lens (L3) and the eye-piece (E1 or E2).
Mechanical design layout
The design goal at this stage has been to fit the polychromator unit into a light-sealed mechanical box following EURORACK dimension standards. The external mechanical box dimensions are 600 mm x 460 mm x  150 mm (160 mm with its cover). The polychromator unit inside has an "L" shape with maximum dimensions 580 mm x 180 mm x  95 mm.
The complete mechanical drawing of the polychromator using computer aided design (AutoCAD ® ) is shown in Fig.2 . Because of its comparatively small active area, the APD-based receiver uses a XY-axis translation/elevation micropositioning stage (not shown in the figure). The optical axes of the polychromator are kept at 35 mm from the basis.
DESIGN CONSIDERATIONS
Light collimation.-In the multichannel polychromator designed here (Fig.1) , the lens L2 is used as a nearly collimating lens. Since the input light source to the polychromator (a fiber bundle, composed of ~400 fibers, (FB) in Fig.1) is not a point source but an extended light source, perfect collimation (i.e. obtaining parallel light rays at the output of L2) is not possible. In contrast, L2 is moved slightly off-focus with respect to the fiber bundle in order to minimize the beam divergence at its output (L2-L4(1,2) optical path). Based on Zemax ® simulation the FB-L2 distance was determined to be
, with f the focal-length of L2. Therefore, L2 was located off-focus and closer to the fiber bundle.
Light divergence.-Following the methodology presented in the [ANNEX A], light divergence at the output of the collimating lens system (single lens L2 in the case of 355nm channel, L2-L4(1,2) lens pair for all other channels, Fig.1 ) can be assessed. This divergence (~28mrad ) is less than one fourth the numerical aperture of the bundle. Assessing the maximum beam divergence of the "collimated" beam is important for two reasons: (i) in order to estimate the centre wavelength (CWL) de-tuning of the interference filters and, consequently, their minimum required bandwidth and (ii) in order to specify the required eye-pieces to be placed in front of the photo-detectors (i.e. at the end of the each optical receiving path). The detector's eye-piece fulfils the important mission of averaging spatial responsivity inhomogeneties over the detector's active area.
Following [ANNEX B]
and for a 28mrad input divergence, the maximum CWL shift is about 0.12nm (1064nm, the worst channel) and the minimum bandwidth required is 0.24nm ≈ ( 2 0.12 , nm × the largest center wavelength shift occurring at 1064nm). In those conditions and given a 15%-error bar for the CWL specified by the manufacturer, a minimum bandwidth of 0.3nm is needed to guarantee reception, however, a more conservative figure of 1nm is used, instead.
Spatial uniformity in the responsivity of the used photodetectors.-The image of the backscattered lidar return in the telescope focal plane always has 'comma' like shape with its head due to the near range signal and its tail due to the far range signal. The use of a PMT detector with a non-uniform spatial responsivity to detect lidar signals can cause artifacts when transducing the lidar signal into an electrical signal. Previous studies [12] show that the normalized spatial uniformity on the active area of an 8mm PMT diameter can vary from 0.2 to 2.8 times the average value defined for the central part of the detector. Practically, the useful diameter of the Hamamatsu 7400 PMT (nominally 8mm) is only about 5mm -including mounting and adjustment tolerances. The eyepiece (E1 or E2) not only makes the detector rather insensitive to several misalignments (axial/radial shifts) but also averages out spatial responsivity inhomogeneities. Axial misalignments are the the most critical as it is difficult to determine the exact location of the PMT cathode with respect to the PMT housing [13] . As can be seen in the full-field spot diagrams simulated in Zemax ® (Fig.3) , insertion of eyepiece is very effective in terms of spreading the incoming rays onto the entire surface of the detectors [ANNEX C].
End-to-end transmissivity.-In order to achieve the highest total (or "net") channel responsivity and signal-to-noise ratio, it is necessary to minimize transmission losses due to all the optical components in the polychromator reception chain. At this point, selection of the best coatings in all the optical components used (antireflection coatings in dichroics and lenses) is essential. The end-to-end transmissivity of a channel is defined as
where ( ) 4 shows the spectral response curve for the antireflection coatings used for dichroics D1 and D4 (spectral response better than 90%). The end-to-end transmissivity for each channel is listed in Table. 2. 
CONCLUSION
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Fig.1. 3+3 Polychromator optical layout and related ZEMAX
® ray tracing at 354.7 nm, 532.1 nm, and 1064 nm (elastic channels), 386.7 nm and 607.4 nm (N 2 Raman channels), and 407.5 nm (water vapour Raman channel). The fiber bundle is indicated by "FB", dichroic filters by "D", the lenses by "L", the mirrors by "M", the beamsplitters by "BS", and the interference filters by "I". (Table. 2) (a) (b) 
ANNEX A: Beam divergence at the output of the collimation lens system
In Fig.1 the collimation lens system output is formed by either one single lens (L2) in the case of the 355nm channel or by the pair of lenses (L2, L4(1,2)), separated a distance equal to the travelling path between they two, in the case of all other channels. The collimation lens system (formed by one or more lenses) is represented by L2' in Fig.A.1 . Optical filters such as the interference filters listed in Table. 2 always specify their center wavelength (CWL) for normal incidence of rays at its input. When the input light beam has some divergence (A.2) or includes rays with obliquitous incidence ( 
